Integration of THz quantum cascade lasers (QCLs) with single-mode 75 μm x 37 μm rectangular waveguide components, including horn antennas, couplers, and bends, for operation at 3 THz has been designed and fabricated using thick gold micromachining. Measurements on the isolated waveguide components exhibit fairly low loss and integration with THz QCLs has been demonstrated. This technology offers the potential for realizing miniature integrated systems operating in the 3 THz frequency range.
INTRODUCTION
The quantum cascade laser's (QCL) capability of delivering more than 1 mW of average power at frequencies above ∼ 2 THz combined with very good intrinsic frequency definition make QCLs an appealing solid-state solution as compact THz sources. However, several challenges to the implementation of QCLs as practical THz sources remain. Among these challenges are to shape the highly divergent and non-Gaussian output beam patterns observed from QCLs into a more useful and predictable beam shape, and to integrate QCLs into the existing, broadly used THz technical infrastructure.
There are essentially two types of waveguides of THz QCLs, plasmon and metal-metal. For both, the beam patterns found in the literature 1, 2 show far-field patterns with very complex phase structures that are very detrimental for coupling a laser to coherent mixers. To improve the beam quality other groups have tried various approaches over the last couple of years. Barbieri soldered a triangular piece of metal on to the end of QCL 3 , Amanti sandwiched the laser between two peices of Si to make a capacitive waveguide and horn, 4 Lee placed a silion lens in contact with the facet, 5 and Danylov butt coupled a QCL into a hollow pyrex tube. 6 While each of these approaches improved the beam quality, each required individual microassembly by hand, and are thus not inherently mass-manufacturable in an economic and scalable parallel fabrication process.
To address both the beam pattern problem and the manufacturability issue we chose to integrate QCLs into rectangular waveguides. By coupling the QCL output into a single-mode rectangular waveguide the radiation mode structure will be known, and the propagation, manipulation, and broadcast of the QCL radiation can then be entirely controlled by well-established rectangular waveguide (RWG) techniques. Many existing mixers are already embedded in rectangular waveguide blocks. By integrating a QCL into a compatible block, the QCLs could be mated more quickly with this existing technology and infrastructure and lead to a more compact and robust system than using quasi-optics. Integrating QCLs into RWGs also opens the possiblility of complete on-chip THz circuits.
Because typical QCL frequencies are > 2 THz, the dimensions of single-mode rectangular waveguide at these wavelengths are on the order of tens of microns. While such small THz waveguides can be made by Therefore we developed semiconductor lithographic methods to microfabricate small, single-mode rectangular waveguide structures. Such a micromachining approach has the advantage of being amenable to large-scale production and can be tailored to suit the unique demands of a QCL source. Since most QCLs are edge emitters with a surface-normal E-field polarization, the waveguides must have the short wall normal to the substrate, which reduces the required height but places any wafer bonds in high-current areas. Because of this, and to ensure good coverage over surface topography, we chose not to follow the traditional rectangular waveguide approach of fabricating two halves of a waveguide block and separately bolting them together, as was recently demonstrated with similar multi-layerlithographic techniques at lower frequencies. 8 Instead we fabricated monolithic waveguides directly onto the laser chips. The geometry of this waveguide is shown schematically in Fig.  1 . 
WAVEGUIDE FABRICATION
The processing of the rectangular waveguides is based on multi layer lithography. A simplified picture of the process flow is shown in Fig. 2 . Each layer of the process consists of three steps: depositing a seed metal, creating a mold in photoresist, and electroplating metal into the mold to fill the openings in the resist. The resist used for the process is JSR Products NFR-015 negative photo resist. The first layer in the process defines the 37 μm height and directionality of the waveguide walls as well as provides the platform for the second lithographic step. The waveguide lids are defined by the second layer to create hollow rectangular channels. This processing technique can be applied to any relatively planar surface. We were able to fabricate stand alone waveguides on bare silicon substrates as well as create fully integrated waveguides on GaAs substrates with 10 μm tall THz lasers processed on top of them.
The gold sulfite chemistry used for the electroplating process is Enthones 309i, consisting of a separate make up, replenisher, and brightener. The electroplating bath was operated at 50
• C with a constant current density of 2 mA/cm 2 and agitation controlled via pneumatic pumping at 2 beats per second. Fixing the current density allowed greater control of the plating rate than potentiostatic plating. Electrical connection to the substrate was made with a gold pogo pin chemically isolated from the plating solution by a viton o-ring. Plating times were typically 8 hours per layer.
Removing the resist from the outside of the waveguides after plating proved routine. Resist removal from inside of the waveguides was much more difficult and required the addition of release holes along the length of the waveguide lid. The solvent used for stripping the resist inside of the waveguides is Dynasolve 185 operated at 70-80
• . A Sonosys transducer and paddle operating at 50% power (∼ 1MHz) provided the mega sonic agitation to the solvent necessary to strip the resist throughout the entire length of the waveguide channels. At these conditions, complete resist removal takes ∼4 hours.
EMPTY STAND-ALONE FREE-SPACE-COUPLED RECTANGULAR WAVEGUIDES
Rectangular waveguides have not been extensively studied and characterized for frequencies much above 1 THz. Given the lack of knowledge of rectangular waveguide performance at these frequencies, and the novel method we chose to fabricate them we needed to explore the waveguides by themselves before integrating the waveguides with lasers. Therefore single-mode 75 μm x 37 μm rectangular waveguides and components, including horn antennas, couplers, and bends, for operation at 3 THz were designed and fabricated. This allowed process development on bare substrates and a characterization of some of the waveguide attributes independent of the laser. These waveguides were designed to couple to free-space using H-plane horn antennas on both end of the guides. By using identical horn structures on all waveguide variations, we could increase our confidence that measured differences of THz propagation coupled into and out of the waveguides would relate to the waveguide itself. The design sequence for the rectangular waveguide was:
1. The initial structure was designed by scaling from published or reported designs in the microwave frequency range. Most commonly, dimensions were determined by shrinking WR-90 X-band (8.2 -12.4 GHz) waveguide designs by a factor of 30 to cover the 2.5 THz 3.5 THz bands. The calculated TE 10 cutoff frequency is 2 THz, with the TE 20 and the TE 01 mode cutoff at 4 THz and the TM 11 mode cutoff at 4.5 THz 2. After the initial structure was designed, the idealized structure was simulated using perfect conductor boundary conditions with Ansoft High Frequency Structure Simulator (HFSS TM ) 3. After the initial structure is satisfactorily simulated, the design is adjusted to reflect the realistically achievable structure. Changes from the initial design include adding release holes, forcing any vertical edge to be straight, and modifying layer widths, thicknesses, and setbacks to reflect the process limitations.
Rectangular Waveguide Measurements
Sample Geometry Rows of empty waveguides were created on a 100 mm substrate. Each row is designed to be cut into a 80 mm x 4 mm bar, with waveguide horns on opposite side of the bar for coupling into the waveguides (An example is shown in Fig. 4 ). The waveguide horns edge-emit from the long (100 mm) edge of the bar, and are spaced on 5 mm pitch for a total of 16 waveguides on a full-length bar. While each waveguide is different than the others, for a given waveguide, the horns are aligned directly across the sample from one another. Two examples waveguides are shown in Fig. 3 . Sample Mount To prevent light from leaking around the waveguides during measurements we mounted the samples into aluminum jigs. A cartoon and a picture of a sample mounted in a jig is shown in Fig. 5 . Indium foil was placed between the sample and aluminum pieces to guarantee a tight seal. Measurement Set-up The waveguides are characterized using a molecular gas far-infrared laser source (FIRL). This source of radiation is capable of generating radiation at a set of distinct lines by pumping select gasses with a CO 2 laser, with output powers up to a few 10's of mW's dependening on the frequency of operation.The measurements were made using three frequencies (2.56, 2.92, and 3.1) THz.
The experimental set-up is shown in Fig. 6 . THz radiation is generated by the FIRL. Part of this radiation is picked-off by a beamsplitter and sent to a pyroelectric detector that monitors the laser power. This signal is The rest of the radiation is sent to the row of waveguides being tested (denoted by WG in Fig. 6 ). An off-axis paraboloid focusses the radiation to a spot in the plane of the waveguide apertures. Light transmitted through a waveguide is collected on the other side by another off-axis paraboloid and directed to a silicon bolometer detector. The waveguides being tested are mounted on a 3-axis translation stage. Two of these axes are motorized so that we can scan the entire chip to test where light comes through the waveguides or leaks through undesired paths. 
Rastered Images of Waveguide Transmission
An example image of the transmission through a row of waveguides is shown in Fig. 7 , and quantitative results extracted from the image are shown in figs. 8. This measurement was made with the FIRL laser tuned to 3.1 THz. To scan the entire row, we used two 2-inch translation stages to make the measurements in 2 steps of 37 mm each. Thus two scans are stiched together in the figures. This row of waveguides shows very good transmission through all the waveguides with the exception of waveguides 6, 11, and 12 which were intentionally removed to prevent stress induced delamination. The layout for these 16 waveguides is shown in Fig. 9 . The black areas are areas where there is no gold, the red colored areas are areas where there are voids in the first metal, subsequently covered by the second metal, and the orange color defines areas where both the first and second gold layers are present.
This experiment reveals that THz radiation propagates through these waveguides and corners adequately for use in small integrated THz systems and demonstrates the promise of building
THz a system-on-a-chip. Guides 3, 4, 8 and 9 show that THz will propagate around bends in the waveguides. Guide 5 demonstrates a magic tee splitter and combiner, while guide 7 demonstrates an edge coupler. Guides 13-15 explore the transmission as a function of length and we can observe the transmission decreasing as the length increases from 2.65 mm to 5.2 mm.
Rectangular Waveguide Loss Results
The row of waveguides shown in Fig. 4 above, were designed specifically to extract loss-per-length. This row included a set of waveguides with the same number of bends but with lengths ranging from 14.2 mm to 38.6 mm. These are much longer than the waveguides used in the row shown in Fig. 9 . Data from both sets of waveguides were analyzed to obtain the loss of the waveguides as a function of length. The results are plotted in Fig. 10 . The orange triangle datapoints are extracted from the first type of waveguides (Waveguides 13-15). The green and blue points are data extracted from waveguides of the second type in two separate test runs (with the laser frequency set to 2.56 THz).
Fitting a straight line to the points on the plot gives a loss of 1.4+/-0.15 dB/mm, which translates into Realistic metallic boundary conditions While assuming a purely real metal boundary condition suffices in the microwave range, there is not agreement as to whether these types of boundary conditions can be used in the 1-3 THz range. At these frequencies, the surface impedance of the metal has a non-negligible imaginary component, given by the Drude model for metal conductivity. A simplified model for this conductivity can be adapted from Zhao:
Where σ dc is the metal conductivity at DC, ω is the signal radian frequency, and τ is the metal average collision time. As the signal frequency increases, the real component of the conductivity decreases and the imaginary component increases. At 3 THz the real conductivity of ideal gold is 0.86 of the DC conductivity and that the imaginary component is 0.35 of the DC conductivity (using τ =18 fs).
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The surface impedance determines the waveguide loss, and is given by:
where ω and σ are the same as defined previously, and μ is the permeability of the medium. Using this equation, the surface impedance for ideal gold (σ dc = 4.1 · 10 7 Ω −1 m −1 ) is 0.54 Ω at DC and (0.6 + j1.6) Ω at 3 THz.
To determine the impact of the metal conductivity, the loss of a 75 μm x 37 μm gold rectangular waveguide was calculated and simulated. Using the standard waveguide design and loss equations given by Pozar, 11 the waveguide loss calculated assuming the DC conductivity of gold was 4 dB/cm @ 3 THz. The simulated loss using HFSS is 6 dB/cm using the DC conductivity of gold and 7 dB/cm using the complex conductivity of gold. The guide wavelength was identical in all cases, suggesting that perfect-E boundary conditions can be used with negligible error during early parts of designs, and that the complex conductivity primarily impacts loss in a predictable way. This is consistent with the observations by Lucyszyn.
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The measured loss is a factor of two higher than the HFSS simulations, which is fairly good agreement, especially since the HFSS results do not take into account possible effects due to surface roughness or contamination. 
QCL -RECTANGULAR WAVEGUIDE INTEGRATION
After demonstrating that lithographically fabricated rectangular waveguides performed well at guiding and radiating THz radiation, we began to explore integrating them on the same chip with QCLs. The fabrication of the waveguides was identical, but instead of fabricating them on a bare silicon wafer, we now created them directly onto the top of a GaAs substrate with THz QCLs already fabricated on the surface. The waveguide for the laser itself was the metal-metal type, which is essentially a microstripline confining the THz radiation to stay between two metal plates. This allowed us to insert the entire laser facet into the rectangular waveguides as shown in Fig. 1 .
The abrupt change from microstripline to rectangular waveguide will result in some impedance mismatch at the interface. For processesing reasons the laser protrudes into the waveguide, and the amount of protrusion will effect the effective transmission through the interface. This dependence was simulated as a function of laser offset, with the results shown in Fig. 11 . The transmission is 40% when the laser is flush with the end of the waveguide, and nears 0% when the protrusion is λ/4 long. Generally, the transition is overmoded at offset lengths longer than the one with the first transmission minimum, making the higher coupling values at the higher offsets not useful for practical applications.
For comparison, the approximate coupling for a typical metal-metal QCL to free space would only be 5%, so this should significantly increase the output of metal-metal waveguided QCLs. However, this is still small compared to plasmon lasers, which couple out nearly 70% of the light incident on the facet. Similar to the empty waveguides, we tested many different integration aspects. A picture of the QCL lasers and integrated waveguide components on the first generation chip is shown in Fig. 12 . Since the major goal was to test the integration of the laser and the waveguides, all of the lasers are the same and are 2000 μm long, ∼10 μm tall, and 65 μm wide. The internal region of the rectangular waveguide is 37 μm high by 75 μm wide. As can be seen on the chip, there are many different integrated lasers, exemplifying the ability of lithographic processing to mass-produce waveguide coupled THz components. The variations on this chip explore the insertion position dependence, waveguide length, H-plane and E-plane bends, magic tees and horns.
A picture of the first integrated QCL and rectangular waveguide is shown in Fig. 13(a) . This waveguide is the shortest one on the chip. The pulsed light-current-voltage (L-I-V) relation of this laser and another laser from the same chip but missing its waveguide are compared in Fig. 13(b) . The sample was cooled in a Janos cryostat to 4K. The emitted THz radiation passed through a Bruker FTIR to measure the spectra and was detected with a Si bolometer. The response of the bolometer was calibrated at this frequency, allowing an estimate of the peak power uncorrected for collection efficiency. The output powers for these two lasers were comparable to normal metal-metal waveguided lasers with similar laser material and comparable with each other suggesting that the waveguides do not negatively impact power output. The spectra for the two lasers are shown in Fig. 14 . At higher input powers, the integrated laser appeared to pull to the high frequency side of the gain spectra, which may be caused by the laser and the waveguide forming a coupled cavity since the abrupt termination of the waveguide in this case leads to a significant reflection as well. Future work will explore the spectra dependence on the waveguide in more detail and will look at the actual beampattern emitted by the horn antennas, which should be superior to the beam pattern emitted directly from the facet of a metal-metal THz QCL. Figure 14 . Spectra of two lasers from sample VB0069pO -one with an integrated waveguide and one without. The laser without the horn exhibits a broad multi-mode Fabry-Perot spectrum. The integrated waveguide spectrum shifted to higher frequencies and fewer longitudinal modes.
CONCLUSIONS
This technology offers the potential for realizing miniature integrated systems operating in the few THz frequency range. We developed a fabrication procedure to create metal surface-micromachined THz rectangular waveguide components on "planar" surfaces, without the need of further assembly. These RWGs exhibited promising propagation and bend losses (1.4 ± 0.15 dB/cm and 0.15 ± 0.15 dB respectively). The demonstration of other passive waveguide components such as tees and couplers and the successful integration of THz QCLs with micromachined waveguides on the same chip, opens the path for future integrated THz-circuits-on-a-chip.
